A common additive to counter the cooking losses considerations in the muscle food industry is sodium tripolyphosphate (STP), which however may pose health risk for certain segments of the population. This paper employs a Plackett-Burman design to investigate the effect of porcine plasma protein (PPP), protein isolate from bovine meat (PI), trehalose and pH of the additive mixture on cook yield and textural characteristics of minced beef during frozen storage. Results show that PI and PPP significantly (p < 0.05) increase the cooking yield throughout the storage period compared to the control sample. Fresh samples with PPP, PI and STP had ~90% cooking yield, while control sample had only 75%. PI and PPP can improve the cooking yield of minced beef for the first two months of storage by at least 20%, in a similar and comparable pattern with STP. Upon optimization the optimal values were achieved at PI concentration 2.3-5.0% and PPP levels 1.7-4.7%.
Introduction

Cook Losses in the Meat Industry
The major changes occurring in meat during cooking are shrinkage, toughening of tissues, releasing of meat juice and colour changes (Dreeling et al., 2000; Vittadini et al., 2005) . These are caused by the changes in muscle proteins, e.g., denaturation of muscle proteins and shrinkage of collagen due to the increase in temperature. All these leads to changes in textural properties, decrease in the water-holding capacity of proteins, and hence cook losses, which are important economic considerations. Therefore, minimization of cook losses to a certain safety level would be desirable (Erdog˘du et al., 2001 ).
Limitations of Polyphosphate Salts
The meat processing industry uses phosphates to improve textural properties and to reduce cook losses. Action mechanism of phosphates, which exhibit a pronounced polyionic character, is based on the ionization of protein molecules, increasing the interaction between protein and water molecules due to increased pH and ionic strength, and reducing the interaction among the proteins (Cheftel et al., 1985; Martin et al., 2002; Unal et al., 2006) . Sodium tripolyphosphates (STPs) are actually the most popular form of phosphates used in the meat industry (Dzeizak, 1990; Lampila, 1992) . However, sodium tripolyphosphate is a suspected neurotoxin according to the National Institute for Occupational Safety and Health's (NIOSH) Registry of Toxic Effects of Chemical Substances. Several studies which focused on the effect of the addition of phosphates on consumer health have been published and these studies have given contradictory results. The kidneys easily control the blood phosphorus level and efficiently excrete any excess of phosphorus; hence, up to now, there is no evidence that higher phosphate intakes are detrimental to bone health or to bone calcium excretion in the urine in healthy adults not having problems with kidneys (Fenton et al., 2009; Whybro et al., 1998) . However, in the study of Huttunen et al. (2006) with adult rats, excessive intake of dietary phosphate without the company of calcium caused rise in concentration of serum parathyroid hormone and hindered mineral deposition into cortical bone, leading to lower bone mineral density. High dietary phosphorus also has significant effects on cardiac fibrosis and arterial wall thickening, relevant for increased cardiac risk especially in haemodialysis and chronic kidney disease patients (Amann et al., 2003; Foley et al., 2009; Sherman & Mehta, 2009) . These controversies over human health, as well as increasing consumer concerns about additives in foodstuff justify the interest in replacing polyphosphates with natural ingredients.
Previous Work on Substistution of Polyphosphate Salts
Other ingredients can be introduced in meat products to obtain polyphosphate-free-products without losing yield or sensory quality. Several additives and non-meat ingredients have been used to enhance the water-binding capacity of cooked sausages. Atughonu et al. (1998) reported that sodium caseinate, soy protein isolate, whey protein concentrate, and wheat germ flour increased the cooking yield in frankfurters. Most of the ingredients that can help in binding water, stabilizing emulsions and increasing firmness of meat products are proteins. Egg, milk, soya and wheat proteins may pose health concerns because of potential allergenicity.
Blood plasma from slaughtered animals has been shown to be a good food ingredient due to its gelling properties as well as its ability to improve water holding capacity, and emulsion stability (Cofrades et al., 2000; Dàvila et al., 2007; Parés & Ledward, 2001) . Also, the use of blood proteins in the food industry is a good way to upgrade this by-product and hygienically collected blood is a raw material that is a cheap food ingredient which has not been shown to be allergenic. Moreover, since blood is naturally present in meat, the introduction of blood derivatives in meat products does not involve the addition of an unnatural ingredient.
Protein isolates derived by a pH-shift process have been shown to have improved functional characteristics (Tahergorabi et al., 2012a) . Protein isolates, besides myosin and actin, are enriched in sarcoplasmic proteins. These proteins have been shown to improve textural characteristics of cooked sausages (Farouk et al., 2001 ). The pH-shift method has been extensively applied to various fish-species and fish processing byproducts (Nolsoe & Undeland, 2009) . However, there is little literature data on protein isolates from other type of muscles such as chicken (Tahergorabi et al., 2011; Tahergorabi et al., 2012b) , turkey (Liang & Hultin, 2003) and especially beef muscle used as an enhancer in meat products.
To protect myofibrillar proteins from freeze-denaturation during frozen storage and to maintain its possible high processability, cryoprotectants, such as disaccharides, polysaccharides, polyalcohols or polyphosphates are generally added (Park et al., 1988; Mac Donald & Lanier 1991) .
is a non-reducing disaccharide with a low calorific value and low sweetness, i.e. only 45% of that of sucrose (Colaco et al., 1994) . Because of its ability to form strong hydrogen bonds with the polar group of biomolecules and a very high glass transition temperature, trehalose has superior preservation properties as compared to other sugars (Patist & Zoerb, 2005) . Kovacevic and Mastanjevic (2011) showed that trehalose has a better cryoprotective effect than maltose on washed and frozen beef meat. So far, no information regarding the effect of trehalose on comminuted beef meat has been reported.
Aim of This Study
This work aims to investigate the effect of a) porcine plasma protein (PPP), b) protein isolate from beef muscle (PI), c) trehalose and d) the pH of the addition mixture on cook yield, water holding capacity and textural properties of fresh and frozen ground beef muscle and then compare them to the polyphosphates effect. Since, all the investigations using full factorial design are tedious and multivariate methods, which is a collection of statistical and mathematical techniques, has been proved to be an effective way for the desired purpose (Petridis et al., 2013; Murphy et al., 2004; Rincón et al., 2008; Pereira et al., 2011; Kim et al., 2013) , a Plackett-Burman design was chosen for the experimental design and analysis. The selected response variables were water holding capacity, cook yield and texture parameters such as hardness, firmness, gumminess, chewiness, cohesiveness.
Materials and Methods
Materials
Lean beef muscle was purchased from local retail shop and was transferred to the laboratory in an ice box. All chemicals were of ACS grade and were obtained from Sigma-Aldrich SA.
Sample Preparation
Lean beef muscle tissue was trimmed from any visible fat and connective tissue and minced using a Kitchen Aid ultra power grinder (model KSM90, St. Joseph MI) through a 5 mm perforated plate. To all mince samples the following ingredients were added: a. NaCl 2% (w/w) b. Trehalose (TR): 0% or 3% (w/w) d. Sodium Lactate 23.3% (w/v) of the added distilled water e. Protein isolate (PI): 1% or 5% (w/v) calculated based on protein concentration of the added water f. Porcine Plasma Protein (PPP): 1% or 5% (w/v) of the added water Sodium lactate, TR, PI, and PPP were mixed in the added water volume prior to the addition to the mince. The pH of the added solution was adjusted to 9 or 11 with 1 N NaOH.
Two more samples were prepared: the blank, which contained only 10% (v/w) distilled water, NaCl and sodium lactate and the blank+STP sample, which additionally contained 3% (w/v) STP in the added water.
The mince samples (30 g) were packed in polyethylene cylindrical bags and either heated immediately in a water bath at 80°C to achieve an internal temperature of 72°C or placed in the freezer at -20°C for 4 months. Each month, samples were taken out, thawed under cold running water and then cooked under the same conditions as the freshly prepared samples.
Preparation of Porcine Plasma Protein (PPP)
The procedure followed, was adapted from Benjakul et al. (2001) . Porcine blood was collected from a slaughterhouse in Kalohori, Greece. Mean composition in% (w/w) of the plasma was: moisture 90.2 ± 0.004, ash 1.66 ± 0.01, and protein 7.66 ± 0.06. Plasma was then freeze-dried and kept at 4°C until used. The dry powder was referred to as porcine plasma protein (PPP).
Preparation of protein Isolate (PI)
Proteins from lean beef meat were isolated by applying a pH-shift method (Vareltzis et al., 2008) . Specifically, beef tissue was trimmed from any visible fat and connective tissue and minced using a KitchenAid ultra power grinder (model KSM90, St. Joseph MI) through a 5 mm perforated plate. Minced samples were transferred to a beaker and placed in a container filled with crushed ice and were homogenized in 9 volumes of cold distilled-deionized water for 40 s at 14000 rpm using an Ultra Turrax T18 Basic homogenizer (IKA, Taquara, RJ, Brazil). The pH of the homogenate was brought to10.8 (alkaline solubilization) with 2 N NaOH. The solubilized homogenate was filtered through three layers of commercial cheesecloth. The filtrate was readjusted to pH 5.3 to precipitate the solubilized proteins, which were collected after filtration through 3 layers of cheesecloth.
The collected proteins, called protein isolate (PI), were analysed for moisture content and protein concentration by the Biuret method (Gornall et al., 1949) . Mean composition of protein isolate was (w/w): moisture content 89.1 ± 0.4%, protein 10 ± 0.2%, fat 0.5 ± 0.02% and ash 0.5 ± 0.01%.
Experimental Design and Statistical Analysis
A particular Plackett-Burman experimental design for screening significant effects on chemical and mechanical variables was chosen (Montgomery 2001) . The design included 12 runs of two-leveled four factors (see Table 1 and sample preparation) and was repeated five times following the experimental freezing periods: 0, 1, 2, 3, 4 months, with 0 freezing period representing the immediate cooking of the 12 samples that were prepared from fresh minced beef. Finally, a Principal Component Analysis (PCA) was applied on the correlation matrix of attributes to detect the most important variables emerging at various additive combined levels at progressive freezing times.
All statistical designs and analysis were performed using the statistical software Minitab v.16 (Minitab Inc.).
Measurements
Cook Yield (CY) and Water Holding Capacity (WHC)
The mince samples (30 g) were placed in polyethylene cylindrical bags and heated in a water bath at 80°C to achieve an internal temperature of 72°C. During cooking, the temperatures in the centre of the meat samples were monitored with a glass thermometer inserted in the centre of the sample. The drip was drained from the sample. The cooked mass was cooled and subsequently weighted to determine weight loss. Cook yield was determined as 100 x (final weight/initial weight).
Water holding capacity was determined by centrifuging 2 g of cooked samples in the presenceof Na 2 SO 4 at 3000 x g for 10 min at room temperature. After blotting dry, the weight was recorded. WHC was calculated as 100x(initial weight/final weight) (Abdullah & Al-Najdawi, 2005) 
Texture Analysis
Experiments were performed using a TA-XT texture Analyzer (TA instruments, New Castle, DE), as described before by Ritzoulis et al. (2010) . The analyzer was equipped with a 75-mm-diameter aluminiumcylinder, operating with a compression rate of 5 mm/sec. Samples, 20 mm in length, were cut using a dedicated template ring, and axially compressed to 40% of their original height. The capacity of the load cell used was 30 g. All tests were performed at least three times. TPA was performed 10 min aftecooking. The load cell was calibrated prior to use. TPA parameters were: hardness, cohesiveness, gumminess, chewiness.
The OriginPro 8.0 2 (OriginLab Corporation, USA) computer program was chosen to obtain graphic displays of the texture analysis data and perform the necessary calculations.
Moisture Content, pH and our
The moisture content was determined in triplicate by AOAC method 950.46 B (AOAC, 1990) . The pHvalues of the samples were measured in duplicate (Thermo Orion 3STAR pH meter equipped with SN 9099083 electrode) on a homogenate of 1 g sample in 9 ml distilled water.
The colour of the meat samples was measured using a HunterLab spectrocolourimeter (Hunter Lab Ltd., Reston, VA, USA) and expressed as CIE L*(lightness), a* (redness) and b* (yellowness) values.
Results and Discussion
pH and Colour
The pH of the samples varied between 5.8 and 6.2 (reported values are the mean of three readings) as it can be seen in Table 2 . Even though the pH of the added solution was adjusted to two different values (9 and 11), there were only slight differences in the final pH of the samples before cooking (samples 1-12), probably due to the buffering capacity of the meat itself, as well as the added proteins. After cooking, the pH of all samples did not change significantly (p > 0.05).
Certain treatments of minced beef exhibited significant effects (p < 0.05) on colour parameters when compared to the blank sample (Table 2 ). It is observed that samples 10, 11 and 12 have significantly higher L* and a* values compared to the blank. These samples have 2 characteristics in common: high trehalose and high protein (either PPP or PI) content in the added solution. Since the protein source was either the blood plasma or the bovine meat, these differences can be attributed to residual haemoglobin/myoglobin. These observations suggest that porcine plasma and/or protein isolate can be used as replacers for artificial pigments. 
Significant Effects
The Plackett-Burman's analysis of variance revealed significant effects of all additives on cook yield, moisture content, springiness and cohesiveness (Table 3) . Specifically, Table 3 summarizes only the significant effects of the process variables (pH, PI, PPP and Trehalose (TR)) on the physicochemical parameters of the samples for every month of freezing (samples 1-12). Cook yield increased at 5% PPP addition and in the two following freezing months. A similar pattern was observed for the other two factors considered (pH, PI). Porcine plasma protein has been shown to exhibit high hydrophilic character compared with dairy or meat proteins (Alting et al., 2002; Howell & Lawrie, 1984; Zayas, 1985) . PPP has been used to substitute STP and caseinate in frankfurters, where it was found that neither moisture nor WHC, as well as cooking losses showed significant differences (Hurtado et al., 2012 ). An increase in WHC had been observed by Cofrades et al. (2000) in meat products containing bovine plasma. The WHC increases with the concentrations of plasma protein only at concentrations lower than 8%, while plasma proteins have a pH of around 7.3-7.5 that raises the meat pH, leading to increased WHC (Chen & Lin, 2002; Feiner, 2006) .
In a similar manner, protein isolate from bovine muscle increased cook yield, achieving the highest value at the 5% level of addition. Furthermore, protein isolate increased springiness and cohesiveness at low concentration levels (1%). It has been shown that pH treatment of myofibrillar proteins significantly increased their solubility compared to native proteins. Good myofibrillar protein solubility is believed to be a prerequisite for many functional properties, including gelation and emulsification, and this is why salt is typically added to muscle-derived products to obtain desirable quality characteristics (Kristinsson & Hultin, 2003) . Furthermore, protein isolates are enriched in sarcoplasmic proteins. These proteins have been shown to improve textural characteristics of cooked sausages (Farouk et al., 2001 ). In addition, the fact that the pH of the solution was adjusted to 9 and 11 should further enhance the protein's ability to hold water and therefore minimize cook losses.
Trehalose decreased the moisture content when added at 3% for months 0 and 1. On the contrary, trehalose increased springiness at the 3% level of addition for month 1. These results can be explained by taking into account how trehalose stabilizes the proteins. According to the water replacement theory, which was presented to explain the unique properties of trehalose, the disaccharide is thought to substitute water around the proteins, maintaining their three-dimensional structure by providing sites with hydrogen-bonding species. This substitution also leads to a decrease in the solvation layer around the protein and restricts the mobility of the biological macromolecule (Jain & Ipsita, 2009; Sola-Penn & Meyer-Fernandes, 1998) . Therefore, proteins actually bind less water, which then can be lost during cooking. Additives did not exert any significant effect on the parameters water holding capacity, soluble protein, hardness, gumminess and chewiness. Also, no particular effect resulted for all attributes during the third and the fourth freezing month. Increasing protein content several textural characteristics, such as hardness, chewiness and cohesiveness are also increased (Hayes et al., 2005; Hughes et al., 1997) . However, in the present study the addition of PPP and PI to fresh minced beef samples did not have a significant effect on these attributes compared to the STP sample, but only when compared to the blank one. This can be partially explained by the fact that the addition of these proteins took place at high pH values (9 or 11), where they have increased solubility. When the proteins are introduced back to the minced beef, they partially refold. This new conformation of the proteins has been shown in other studies to exhibit good functional properties, including solubility and emulsification (Hultin & Kelleher, 1999; Undeland et al., 2002; Kristinnson & Hultin, 2003; Liang & Hultin, 2003) . The fact that no significant difference was observed in the pH of the cooked minced samples and additionally that pH was in all samples well above the isoelectric point of the major proteins in meat (pH 5-5.5) can explain why water holding capacity showed no marked differences (Gault, 1984) .
Principal Component Analysis
Principal Component Analysis (PCA) on both variables and additive factors, the latter treated as dummy variables, resulted in the formation of two major axes explaining 46.5% of the total variation. The first axis is composed mostly by the variables hardness (HARD), cook yield (CY), moisture content (MC) and freezing months 0 and 2 (Freeze_0 and Freeze_2) due to their high correlation values with this axis (Table 4 , Figure 1 ). The second axis is formed by high correlation values of springiness, cohesiveness and secondarily by pH and trehalose 3% (TR_3). According to the findings of Figure 1 , moisture, cook yield and hardness show positive strong correlation with the time soon as the samples had been cooked (month 0) and negative strong correlation after freezing for two months, indicating the strong negative effect of freezing at -20°C for two months. This is also in agreement with the data on Figure 2 , where it can be observed that after 2 months of freezing the cook yield, and textural characteristics of PPP and PI are rapidly deteriorating. Freezing, and especially at slow rate (-20°C) can have adverse effects on meat textural characteristics, cook yield and WHC. Most of these effects are attributed to protein denaturation. When meat is frozen at a slow rate or warmer temperatures, there is considerably more damage done to the fibres and myofibrils (Petrovic et al., 1993) . PPP and PI, individually, at levels 5% were able to maintain a high cooking yield of the minced samples compared to the blank for all four months of frozen storage. However, cohesiveness (COHES) and hardness (HARD) were not maintained at high values after 1 month of storage. Springiness and cohesiveness correlate strongly and positively in the addition of 3% trehalose but strongly negatively when the added solution was adjusted to pH 11. A possible explanation for this is that trehalose solutions resist degradation between pH 3. 5 and 10 (Teramoto et al., 2008) . A higher pH, such as 11 that was used in the added solution containing trehalose could alter trehalose structure and therefore alter its functionality. A loose positive correlation occurs between water holding capacity (WHC) and 5% addition of porcine plasma protein. 
Comparison With Sodium Polyphosphate
Statistical analysis showed that the two additives that had a significant positive effect on cook yield and on some of the textural parameters were PPP and PI. The additives' effects were compared to those produced by polyphosphates and blank material by freezing month. Freezing time affects drastically the shift of some of the attributes when additives such PPP and PI are present in the minced meat (Figures 2 and 3 ). Cook yield, at PPP addition, remains steady until the first month of freezing declining thereafter and reaching the lowest values in the fourth month (Figure 2) . A comparable shift is obvious for the blank +STP sample. On the other hand the absence of PPP or STP from the mince (blank sample) results in an abrupt drop of the cook yield after freezing for one month which afterwards remains more or less steady by time. The same pattern is observed for PI addition as well (Figure 3) . S T P b l a n k 5 1 + S T P b l a n k 5 1 + S T P b l a n k 5 1 + S T P b l a n k 5 1 + S T P b l a n k At PPP addition, the mechanical hardness decreases with time approaching a minimum in the second month and then stabilizes in a position a bit upwards in the following two months (Figure 2) . Blank sample follows a same direction. The addition of STP though results in a steady, slightly gradual increase in hardness. At PI addition, a similar pattern takes place (Figure 3 ).
Mechanical cohesiveness remains steady without undulations by freezing time for both additives present, as the blank sample does too. However the shift of cohesiveness for the STP sample increases markedly with time approximating higher values than those of additives (Figures 2 and 3) .
Conclusively, it can be said that both PPP and PI individually, and especially at the 5% level of addition, can increase cook yield of fresh and frozen minced beef to the same extent as the polyphosphates do. On the other hand, the effect of PPP and PI on mechanical hardness is similar to polyphosphates only for the fresh samples (0 freeze time), while they exert no effect on cohesiveness.
Optimization
Optimization procedure was based on those variables that were mostly influenced by the factors under study (see ANOVA results, Table 3 ).
Thus, by setting the chemical variables, cook yield and moisture content; at ranges near their optimal performance, that is their maximal, the overlaid contour plots as affected by PI and PPP were obtained while holding the pH and trehalose levels at 11 and 3% respectively (Figure 4) . The white region of the plot is the feasible region, or the area that satisfies the criteria for all responses. The optimal chemical conditions were achieved at PI concentration 2.3-5.0% and PPP levels 1.7-4.7% which both define performance of 90% cook yield and 71.6% MC. Regarding the mechanical springiness, its optimal performance is obtained in the area defined by the narrow stripe shown in Figure 5 that corresponds to springiness 1.65-1.75, PI 3-3.7% and TR 1.5-1.9% while holding pH and PPP at midrange levels 10 and 3%. 
Conclusions
PCA reveals two bundles of variables with a distinguishing but uniform behaviour: moisture content, cook yield and mechanical hardness start their maxima before freezing commences (freezing time 0, first bundle) and mechanical springiness and cohesiveness show high values at 3% trehalose addition which occurs one month after freezing (second bundle). Trehalose did not enhance cook yield of fresh or frozen minced beef samples. Porcine plasma protein and protein isolate from bovine meat were able to increase cook yield of beef samples to a similar extend as the STP did. PPP and PI did not alter colour or the pH of the samples compared to STP, nor affected textural parameters especially for the fresh samples and for the samples that were frozen for one month. Therefore, PPP and PI can be used as a polyphosphate alternative in the meat industry. Vol. 2, No. 3; 
